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Abstract 

We discuss a mechanism which generates a mass term for a scalar field in an expanding universe. 
The mass of this field turns out to be generated by the cosmological constant and can be naturally 
small if protected by a conformal symmetry which is however broken in the gravitational sector. 
The mass is comparable today to the Hubble time. This scalar field could thus impact our universe 
today and for example be at the origin of a time variation of the couplings and masses of the 
parameters of the standard model. 
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Scalar fields have become an important tool to build cosmological models. They are used 



to explain a plethora of phenon,ena that range from inflation U and da* energy H to a 

time variation of the couplings and masses of the standard model particles [3|, |4| . A time 
dependent scalar field in an expanding universe can only fluctuate significantly at a given 
time in the evolution of the universe if and only if its mass m is comparable to the Hubble 
time H (to be precise m > 3/2H) 

4) + 3H(}) + m^(j) + ... =0. (1) 

This equation can be derived easily from the expansion of a scalar field in an expanding 
universe using the Robertson- Walker metric. It is easy to see that indeed if that mass of the 
field is much smaller than H, the friction term dominates and the field does not oscillate, 
however if the mass is much bigger than the present Hubble time, the field would start to 
oscillate much earlier in the history of the universe and would have reached a minimum long 
ago and would not affect the present universe. 

Most cosmological models are trying to address early cosmological phenomena such as 
inflation and it is not difficult to imagine mechanisms to explain a large scalar mass of the 
order of the Hubble time. A simple usual mass term m^cfxp in the action describing the 
dynamics of the scalar field would do the trick. However, if the scalar field is to impact the 
universe today, i.e. H ~ 10~^^eV, one needs to explain a very tiny scalar mass 4|]. 

This is what is required to generate a time variation of physical parameters today. There 
are different astrophysical observations 

mm 

, [l^ indicating a cosmological evolution 
of the gauge couplings and masses of the particles of the standard model. On the other 
hand, other groups 

m fl Q 

however have not observed this effect. This is clearly an 
observational issue which needs to be settled down by astronomers. From a theorist point 
of view the main difficulty is to understand how a scalar field with a mass of the order of 
m ~ lO^^^eV could be generated. The main goal of this work is to propose a new mechanism 
to generate a very light scalar mass in an expanding universe. 

We shall consider a scalar field which is not minimally coupled to gravity and focus on 



the operator [M] 



a J (fx^^R(t)(p, (2) 

where a is a dimensionless coupling constant, R is the curvature scalar and is a scalar field. 
This action is invariant under general coordinate transformations, invariant under Lorentz 



transformations and it would be gauge invariant if the scalar field was a gauge field. We use 
the signature (+1, —1, —1, —1). The full gravitational action is then 



1 (i? _ 2A) + \g^^d^<^dA - '^Rct? 
iovrG / z 



(3) 



where G is the gravitational coupling and A is the cosmological constant. We note t 
a very similar action has been studied already in the literature see e.g. [l5 



hat 
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19| and is closely related to the Jordan-Brans-Dicke 20|, l2l| theory of gravity. The main 
difference in our approach is that we have included a term y/—gj^^R and a cosmological 
constant explicitly. These differences have important consequences. In particular our model 



contains a conformal violating term, i.e. the usua^ 
cannot be mapped into that studied in 1^, 16, 



H 



13, 



bert-Einstein term and the action thus 



19|. Furthermore, our scalar field 



is not the main component of the dark energy like the cosmon in the scenario proposed by 



Wetterich 
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18| . Our approach is different, we are not trying to find an alternative 



to a cosmological constant. However we want to study the consequences of the observed 
cosmological constant for a scalar field coupled in a non-minimal way to gravity. 
The field equations obtained from the action ([3]) are given by 



-StiGS 



(4) 



with 



fJ,U 



(5) 



and 



^''"V^V,^ + aRcj) = 



(6) 



where aR plays the role of a mass term for the scalar field. 

To study the connection to Brans-Dicke type models, it is useful to rewrite Einstein's 
equations as 



G. 



^l^y ~ n9/iuR H 7T-^9, 



1 



SnG^ff d,<pd,<P - -g,udp<pdy - a{g,,g^^<Plf, - (7) 



where we have introduced an effective gravitational coupling constant 

G 



G 



eff 



1 - 8nGa(j)^ 
3 



(8) 



Note that the effective gravitational couphng constant Ge// is space-time dependent and 
could easily lead to a space-time dependency of the parameters of the standard model 
because of quantum effects and in particular through the renormalization group equations 



as discussed in 
see also 



15 



22 



271, 



24 



251]. A variable Newton constant has first been discussed in 26| . 
28| . Furthermore, if one adopts an effective theory point of view as in e.g. 
^, it is natural to couple the scalar field to the fields of the standard model which will 
lead to a fifth force type new interaction and would be another source of time variation for 
the parameters of the standard model. 

Let us now go back to our consideration on the equations of motion and make use of the 
contracted Einstein equations 

-R + AA = 8nG{d^(f)dy - acj^R + SaV^^V^^^) (9) 

and we obtain 

9^''^^^^(l) + 4aA0 - 8TTGa(j){d^(f)dy - a(f)'^R + SaV^V^^^) = 0. (10) 

We see that the scalar field acquires a mass term given by m = if there is a cos- 

mological constant A. Using A = SnGp^ac and the measured vacuum density [30[ i.e. 
Pvac ~ (2.4 X 10^^ eV)"^, we get m = 4.7 x 10"'^^ eV assuming that a is of order one. 
This is the right order of magnitude. If (p is only time dependent and given the measured 
energy density, a time variation of the physical parameters is therefore not surprising. 

It is easy to find a solution to equation ([1]) which describes a scalar field in an expanding 
universe. One finds 

(p{t) = Re(ci exp (wit) + C2 exp (^2^)) (11) 



with Wi/2 = —3/2H ± ^J'd/AH'^ — m?. In order to have an oscillatory behavior, has to 
be complex which is possible if m > 3/2if which is, as explained above, possible today in 
the universe if m ~ 3/2H. If the mass was much smaller than the Hubble scale, there would 
be no oscillation and and if it was much larger than today's value of H, the oscillation would 
have taken place at an earlier time in the evolution of the universe and the scalar field would 
not impact today's universe. 

We can now estimate the time change in the Newton gravitation coupling constant be- 
tween its value at the Big Bang and today's value assuming that oscillations take places today 



(i.e. m ~ 3/2i7o)- We find (^//(to) - Ge//(0))/Ge//(to) = -87rGaA0V(l - MGacj?) 
where to is the age of the universe today. For the Planck scale Apianck = 1/VG this 
imphes AAp^^^^^. = —SnaAcj)'^. If we take of the order of the Planck scale (i.e. 
(ci + 02)^ ~ ^Planck) y ^^^^ Can be a sizable effect and it is not difficult to imagine that 



the observations of Webb et al. 



mm 



10| could be explained by a renormalization 



group effect and because of the time dependence of the Planck scale. Such an effect is 
characteristic of a theory which unifies gauge interactions and gravity such as Kaluza-Klein 



theories, see e.g. 3^. Note that the time change of the Planck scale is given by 

j^Planck{t) o 



— OTTO;- 



(12) 



J^Planckif) ^Plancki^) 

Obviously a time variation of physical constants is only observable if some other scale remains 
constant or a least changes with time at a different rate. This could be for example the scale 
where fermion masses are generated, scale which is not obviously related to the Planck scale. 

As mentioned previously the action ([3]) is very similar to a Jordan-Brans-Dicke theory 
defined by 

1 f^^ g'"'d^<^du^ 



where we have omitted the cosmo logical constant. However, there are serious constraints 
on this theory of gravitation. The coefficient of this theory, u has to be greater than 500 to 



avoid conflicts with observations 29|]. Our action can be mapped to that of Jordan-Brans- 
Dicke. The Jordan-Brans-Dicke parameter is then given by = (1 — 87r0^Ga)/(327r0^G'a^) 
and is dependent on the scalar field, however let us assume that (p oscillates slowly over 
time lapses relevant for gravitational measurements in the solar system and thus consider uj 
to be constant. The bound on u implies the bound 4>/Apianck < 4 x 10"^ assuming a ~ 1 
and there is thus much space for a time variation as discussed above. We note that strictly 
speaking we are not dealing with a Jordan-Brans-Dicke theory since our u is not constant 
however similar bounds do apply because the trace of the energy momentum tensor is a 
source for our scalar field as well. It is interesting to note that the bound on u implies a 
bound on the time change of the Newton coupling constant since the Big Bang which is of 
the order of \AG/G\ < 4 x 10"^ 

Let us now study the couplings of the new scalar sector to the standard model. The 
only dimension four operator is the four scalar coupling h'^hcfP' where h is the Higgs field of 



the standard model. This couphng is dangerous since, after the Higgs field has acquired a 
vacuum expectation value, it would lead to a new contribution to the mass of the scalar field 
v'^cfp with V = 246 GeV which would clearly dominate the mass of the cosmological scalar 
field. It is thus tempting to assume that cosmological scalar field couples as a dilaton to 
matter. As emphasized in ^ (see also |31j]), this would lead to the desired time variation of 
the hyperfine structure constant. This is quite natural in the framework of a string theory 



dilaton 33|. However, a dilaton type coupling seems to generically generate the operator 
K^hc!? at the quantum level. The strength of this operator is model dependent, this operator, 
however, seems difficult to avoid. This is a strong indication that the cosmological scalar 
field under consideration can only couple gravitationally to the standard model, in which 
case its mass is naturally small. As explained above its main effect is then to impact the 
strength of the gravitational coupling constant and hence the Planck scale. 

Let us now discuss the cosmology of our model. The action considered in equation ([3]) 



can be rewritten in the Einstein frame using the transformations 34, l35|] : 



and 



g^^ = cosh^ j g^u (15) 

where Mr = ^/T/JSrrG) is the reduced Planck mass. 

We obtain a scalar field coupled minimally to gravity. If we look into more details into the 
vacuum energy term we recover our previous result. If we assume that cj) « M^, which has 
to be the case to avoid confiicts with the bounds on the Jordan-Brans-Dicke parameter, we 
can expand the cosh term and obtain 

6 

/ A \ 

2 A 




i.e. we obtain a massive scalar field with a cj)'^ term coupling in a minimal manner to gravity. 
An important point can be made at this point. The cosmological constant of our universe is 



positive, if this scalar field was gauged it would have a positive squared mass (if a > which, 
as we will see, is the case if the scalar field is coupled in a conformal manner to gravity) 
and it would hence not lead to the Higgs mechanism. In a anti-de-Sitter world, the mass 
squared would be negative if a > 0, however the 0^ term would be negative as well and this 
independently of the sign of a. It thus seems that to induce spontaneous gauge symmetry 
breaking through a gravitational interaction one needs to have a de Sitter cosmological 
constant and a negative parameter a. This discussion would be obviously changed if we had 
included a term from the beginning since we would have introduced a free parameter A 
by hand and spontaneous gauge symmetry breaking would be possible both in the de Sitter 
and anti-de-Sitter cases depending on the values of a and A. 

Up to this point we had to rely on fine-tuning to explain a small scalar mass. We can 
now refine the argument and try to address the question of why is a of order one. It turns 
out that a symmetry, local conformal invariance, which has been considered in 36, [s^] and 
is described in e.g. jssl fixes the parameter a to be equal to 1/6 and furthermore prohibits 
a mass term of the type m^cj)^ for the scalar field. 

We note that the idea that scale invariance might be relevant to theories with scalar fields 



and in particular to the standard model is not new. Indeed as pointed out by Bardeen 



39|, 



if one sets the Higgs boson's mass to zero in the standard model, the model has no intrinsic 
scale at t.ee level. Obviously, the Higg. boson would get a mass through_th^Cole.a„- 



Weinberg mechanism l4l| . This idea has led to diverse models see e.g. |42l 



431] for some 



recent papers. It is conceivable that the standard model and gravity could emerge out of a 
conformal theory. It is worth pointing out that classical gravity, as long as it is not coupled 
to matter, is scaleless. In the same sense, one can show that the Planck length appears 
only when quantum mechanics and general relativity are considered together. This can 
be shown by considering thoughts experiments which are designed to measure the shortest 
possible length [4J, |45| . One might thus speculate that nature should be described by an 
action which is scaleless at the classical level, but that all dimensionfuU parameters are 
generated by quantum effects. We will assume that conformal invariance remains exact in 
the cosmological scalar sector as long as there is no cosmological constant which will induce 
a tiny scale invariance breaking in that sector. 

Since we are dealing with rather exotic physics, it is conceivable that general relativity 
and especially the sector describing dark energy break down at some length scale in our 
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framework and it is thus best to consider the conformal scalar field in an expanding universe 
without imposing the constraint that it is described by general relativity. The action for a 
field coupled to the metric in a locally conformal invariant way is given by 

J d^x^^ (^g'''d,(f>d,(f> - . (18) 

It is possible to add a further term in the action y/—g\^(f)^ which is invariant under conformal 
transformations as well. However, if the scalar field turned out to be gauged, this term 
would induce a mass term at the one loop level and would make the conformal invariance 
anomalous, we would then have to set = 0. However this term is not important in our 
discussion. 

The expansion of the scalar field in a Robertson- Walker metric is given by 

+ 3if0 + (1 - = 0, (19) 



where H = d/a and q is the deceleration parameter given by 



where z is the redshift, Ui is the equation of state for the i-th form of energy present in 
the universe and is the corresponding dimensionless density parameter. We thus have a 
prediction for the evolution of the mass of the scalar field which is independent of general 
relativity and characteristic of the conformal symmetry. If the time variation of the coupling 
constant is due to a conformal field the effect will evolve with the time dependent scalar 
mass 



m 



{z) = ^{l~q{z))H{z) (21) 



which can be checked by cosmological observations independently of verifying general rela- 
tivity. Using = 0.3 and = 0.7 for today's universe we find g(0) = —0.55 and hence 
m(0) = 1.9 X 10^^^ eV, in accordance with our previous estimate. A time variation of 
physical parameters such as the fine structure constant in recent cosmological time could 
thus be explained by a scalar field coupled in a conformal manner to gravity. This should 
be a strong motivation to continue to search for time variation of physical parameters using 



atomic clock experiments 46 1. 
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